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FOREWORD 


This  Is  the  final  report  on  grant  DAAG29-76G-0174 , "Phyaj 
chemical  Studlaa  of  Solutes  in  Mlcroamulslons”,  covering  tha  period 
April  lt  1976,  to  April  30,  1979.  Much  of  tha  work  perforaad  during 
this  period  la  published.  In  prasa,  or  In  preparation.  This  report 
will  therefore  consist  of  a su— ry  of  the  work  perforaad  with  ref- 
erences to  the  published  or  in  press  aatarlal,  sup pi men tad  by  as 
yet  unpublished  or  Incomplete  data  where  appropriate. 
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INTRODUCTION : 


The  purpose  of  this  study  was  to  investigate  ths  utility  of 
oil  In  water  (o/w)  uicroamulaion  systems  for  studlas  of  lntaractlons 
st  microscopic  oil  vatar  lntarfacas  and  for  possible  applications 
to  araas  such  as  solubilisation  decontamination. 

All  of  tha  mlcroamulslona  amployad  In  this  study  ara  transparent. 
Isotropic  fluids  consisting  of  four  components  and  containing  rela- 
tively high  amounta  of  emulsifier  (10-4 OX) . The  emulsifier  E will 
normally  consist  of  a surfactant  S and  alcohol  A.  Tha  aqueous  com- 
ponent V may  be  pure  water  or  may  contain  added  salts  or  buffers. 

The  oil  0 can  by  any  liquid  which  is  not  miscible  with  water  such 
as  benzene,  hexane,  carbon  tetrachloride,  mineral  oil,  etc.  In 
addition  to  being  mechanically  stable,  all  of  these  mlcroesMlslons 
appear  to  be  thermodynamically  stable  as  well.  Some  of  the  cri- 
teria which  they  meet  are  listed  below. 

1.  Their  formation  Is  spontaneous  and  independent  of  the  method 
or  order  of  addition  of  components. 

2.  The  value  of  any  physical  measurement  (e.g.  conductivity)  at 
a given  conpoaltlon  la  independent  of  the  path  by  which  that 
composition  Is  reached. 

« 

3.  After  being  subjected  to  a perturbation  which  causes  phase 
separation  (e.g.  temperature)  the  system  returns  to  its  original 
state.  Thus , their  internal  structure  may  be  described  ae  a 
collection  of  oil  mlcrodrfeplets  dispersed  in  water.  The  vol- 
ume occupied  by  the  dispersed  phase  (phase  volume)  is  high 
(e.g.  20-80X0.  The  droplet  diameter  is  on  the  order  Of  100- 
60OA,  and  in  this  size  range  ham  been  found  to  be  monodisperse. 
The  droplet  itself  may  be  conceptually  divided  Into  two  regions, 
the  oil  core  and  the  surface  or  Interphase  region.  Eesentially 
all  of  the  aurfactant  and  a part  of  the  alcohol  cosurfactant 

Is  located  in  the  interphase  region.  A model  of  an  0/w  mi- 
cellar emulsion  droplet  stabilised  by  an  Ionic  detergent  and 
an  alcohol  Is  shown  In  Figure  1. 

The  results  of  this  study  are  interrelated  to  varying  extents. 
However,  for  convenience  the  report  is  divided  into  three  sections 
consisting  of  (1)  systems,  (2)  electrochemical  measurements,  and 
(3)  lntaractlons  and  reactions.  The  first  section  will  Include  a 
discussion  of  the  microemulsion  employed,  phase  maps,  physical  charac- 
taristics  and  solubility.  The  second  section  will  contain  the  results 
of  conductivity,  pH,  specific  ion  electrode  and  polarographlc  measure- 
ments. The  third  see  tlon  will  deal  with  indicator  and  reaction 
studies,  particularly  phosphate  ester  hydrolysis. 
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(surface  phase) 
<20^30  A)  -w 


diffuse  double  layer  „ 
(up  to  several  hundred  A) 


II.  RESULTS: 


A.  Systems:  A large  number  of  systems  consisting  of  emulsifier 
E (mixture  of  surfactant  S and  alcohol  A),  oil  0 and  water  W have 
been  examined . Since  there  are  four  components,  the  clear.  Isotropic 
slngla  phase  regions  are  represented  using  peuedo  three  component 
phase  maps  such  as  that  shown  in  Figure  2.  All  compositions  are 
given  by  weight.  It  should  be  understood  that  the  clear  area  labelled 
C Is  most  likely  to  contain  two  or  more  different  phases.  For  example, 
the  region  bordering  the  E-W  line  at  higher  water  content  (probably 
above  30X)  Is  the  o/w  microemulsion  region,  although  there  may  even 
be  more  structural  change  in  the  "peninsula"  on  this  area.  The  long 
thin  spike  extending  toward  the  0 apex  has  not  been  Investigated  but 
likely  represents  a w/o  type  system. 
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In  this  study,  the  alcohol  A was  normally  either  N-butanol  or 
N-pentanol , and  the  oil  either  mineral  oil  or  more  commonly  hexadecane. 

A few  systams  employing  trlbutylphosphate  as  the  oil  were  also  examined. 

The  anionic  surfactant  S was  sodium  cetyl  sulfate  (SCS) , the  cationic 
wrf  actant  cetyltrimethylammonium  bromide  (CTAB),  and  various  nonionic 
surfactants.  These  were  mostly  coonercial  mixtures  (e.g.  Tween  40 
and  Tween  60  from  ICI  America,  Inc.,  or  B200  and  J300  from  Olin  Corp.), 
although  a single  component  nonionic,  polyoxethylene  10  oleyl  ether 
(Brij  96)  was  also  mnployed  and  found  to  be  generally  the  most  satis- 
factory. The  phase  maps  were  obtained  by  titrating  an  initial  composition 
on  the  E-0  axis  with  water  to  clear  and  turbid  endpoints.  Similar 
titrations  were  performed  starting  wiht  compositions  on  the  E-W  axis 
and  adding  oil.  A summary  of  the  major  sy steam  employed  and  the  references 
to  them  are  given  in  Table  1.  The  phase  map  of  the  tween  40  system 
I*  also  given  in  Figure  3 since  the  paper  containing  it  has  only 
Just  been  submitted  for  publication.  Two  catergorles  are  given:  phase 
maps  and  compostions.  The  former  has  already  been  discussed  (vide  supra) 
and  the  latter  refers  to  Canges  of  compositions  which  were  employed 
but  for  which  the  complete  phase  map  was  not  determined.  These  are 
given  in  Table  2. 

The  droplet  diameters  in  these  o/w  microemulsion  systems  remain 
approximately  constant  upon  dilution  with  water  and  increase  exponential- 
ly upon  addition  of  oil  as  indicated  by  our  light  scattering  measure- 
ments (5).  Over  the  range  cf  compositions  normally  employed,  drop 
diameters  are  generally  on  the  order  of  80-180A. 

The  ionic  surfactants  can  be  purified  by  recrystallization,  gen- 
erlaly  from  methanol  (6).  However,  the  commercial  nonionic  surfactants 
have  been  found  to  contain  large  amounts  of  ionic  umpurltles,  as  well 
as  some  organic  ones.  The  ionic  impurities  appear  to  contain,  among 
other  things,  a weak  acid  and  its  salt.  These  impurities  have  been 
found  to  interfere  not  only  with  electrode  measurements,  but  also  with 


TABLE  1.  Microemulsion  systems  for  which  phase  maps  are  available. 


Surfactant3 / alcohol6  / 

oilC 

Reference 

SCS 

/ 

PA 

/ 

MO 

‘ 

2 

Tween  60 

/ 

PA 

/ 

HD 

3 j 

CTAB 

/ 

BA 

/ 

HD 

4 

Brij  96 

/ 

BA 

/ 

Kh 

5 

Tween  40 

/ 

PA 

/ 

MO 

i 

6 

5 

a. Sodium  cetyl  sulfate  (SCS) , cetyltrimethylanmonium  bromide  (CTAB). 

b. n-butanol  (BA),  n-pentanol  (PA). 

c.  heavy  mineral  oil,  Nujol  (MO),  hexadecane  (HD) 


TABLE  2.  Microamulaion  Composition* 


Surfactant* 

Alcohol*1 

0ilC 

Reference 

Tween  60,  Tween  81 

PA 

HO 

1 

Tween  60,  Span  80 

PA 

M0 

2 

CPB,  CTAB 

PA 

M0 

2 

CPB 

. CHA 

bensene 

2 

PO 

CHA 

bensene 

2 

Tween  60 

PA 

MO 

3 

Tween  60,  Tween  81 

PA 

HD 

3 

B200 

BA 

HD 

6 

J300 

BA 

HD 

6 

«.  Cetylpyridinlum  bromide  (CPB) , Potassiim  olssts  (PO) , nonionic 
TWeen  and  Span  from  ICI  America,  B200  and  J300  from  Olin  Corp. 
So*  also  Table  1. 

b.  Cyclohexanol  (CHA),  see  also  Table  1. 

c.  See  Table  1. 
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r «act Ion  studies.  They  may  be  renoved  to  a satisfactory  level  by 
careful  neutralization  of  the  acid  with  NaOH  followed  by  deionization 
of  the  microamulslon  with  mixed  bed  ion  exchange  resin  (6) . The  resin 
should  be  washed  well  with  water,  drained,  and  used  "internally"  wet. 

The  deionisation  should  be  followed  conduct iaetricelly  since  over- 
treatment  is  undesirable.  The  optimum  stirring  time  depends  on  water 
content,  but  la  generally  on  the  order  of  an  hour. 

Fianlly,  some  comments  on  solubility  are  in  order.  Most  oils 
require  large  amount a of  emulsifier  to  solubilize  (in  our  o/w  type 
systems)  more  than  about  302  oil  at  any  emulsifier  concentration.  How- 
ever, when  trlbutylphosphate  is  used  as  the  oil  in  a CTAB/butanol  system, 
an  enormous  clear  area  results  as  shown  in  Figure  4.  Preliminary  con- 
ductivity measurements  indicate  the  existence  of  at  least  three  dlf- 
ferent  regions,  as  yet  unidentified.  Since  mixed  microemulsion  systems 
of  the  ionic /nonlonlc  type  are  usually  miscible  in  all  proportions,  the 
proper  solute  (e.g.  a phosphate  ester)  can  be  solubilized  in  a micro- 
emulsion  containing  another  oil  (e.g.  hexadecane)  in  very  large  quantity. 

B.  Electrochemical  Measurements:  These  studies  consist  of  po- 
tentlometrlc  (specific  ion  electrode),  conductometric  and  polarographlc 
measurements.  The  former  were  initiated  to  monitor  effective  electro- 
lyte concentration  and  buffer  pH  in  nonionic  systems,  and  then  to 
extend  them  to  anionic  and  cationic  systems  in  which  stronger  ion 
binding  is  present.  The  latter  were  intended  to  explore  the  transport 
properties  of  ionic  solutes  is  microsmulsions,  and  to  serve  as  an  ad- 
junct to  ion  binding  studies. 

In  nonionic  o/w  systems,  we  have  achieved  a good  semi-empirical 
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understanding  of  tha  transport  properties  of  ions  (3).  The  equival- 
ent conductance  (A)  of  a salt  added  to  a coarse  emulsion  generally  fits 
an  equation  of  the  form  A/Aq  - (1-0) °* 5 , where  A and  AQ  are  the  values 
in  the  emulsion  of  phase  volume  0 and  pure  water,  respectively.  In 
microasMilslon  systems  of  low  oil  content,  we  find  an  exponent  of  1.5 
rather  than  0.5.  Assuming  the  validity  of  Stoke' s lav,  a relation- 
ship for  the  diffusion  coefficient  (D)  of  a solute  species  may  be 
derived  which  has  tha  form  D/D0  ■ (1-0)^’^.  This  has  been  experi- 
mentally verified  by  means  of  polarography.  Identical  results  are 
obtained  for  cadmium  (II)  at  a dropping  mercury  electrode  and  both 
ferrl  and  ferrocyanide  at  a rotating  platinum  electrode  in  a variety 
of  nonionic  microemulsions. 

Whan  the  oil  content  is  increased,  the  exponent  decreases.  We 
have  shown  that  the  decrease  in  N varies  linearly  with  increasing 
droplet  diameter  (5) , indicating  that  thfc  droplet  concentration  var- 
ies continuously  with  oil  content  as  opposed  to  the  previously 
postulated  abrupt  change  (3). 

Conductivity  and  polarographic  measurements  have  been  extended 
to  ionic  microemulsions,  but  a quantitative  interpretation  of  the 
data  has  not  yet  been  achieved.  Upon  dilution  with  water,  all  ionic 
o/w  systems  studied  exhibit  the  behavior  shown  in  figure  5 (2).  The 
diffusion  coefficients  of  Cd(II)  in  an  anionic  mlcromsulsion  also 
quantitatively  follow  the  conductance  curve.  If,  as  mgiht  be  ex- 
pected, the  cadnuln  ion  is  strongly  bound  to  the  (net)  negatively 
charged  drop,  this  behavloc  should  not  be  obtained.  Additional  pre- 
liminary data  on  other  ions  la  both  anionic  and  cationic  micellar 
emulsions  have  been  obtained,  but  no  clear  interpretation 
can  be  given  at  present.  However,  it  appears  that  the  transport 
of  species  bound  to  a drop  is  controlled  by  the  dissociation  of 
the  species  from  the  drop  and  its  subsequent  diffusion  to  another 
drop. 

Specific  ion  electrode  measurements  Involving  Nav,  Cl",  F~,  and 
H have  been  made  in  a variety  of  nonionic  o/w  mlcrosmulslons  (1). 


(relative  concent ret ion)* 

Figure  J rhe  equivalent  conductance  of  a vater/bcnaene/CPS/ 
cyclohcxar.ol  nicroenuision  (-0-)  and  a vater/nineral  oil/ 
SCS/n-pencar.ol  nicrocr.usion  (-  A -) . The  undiluted  sicroesulsion, 
which  is  .51'.  in  Cl  or  in  the  case  of  SCS,  . 3SM,  is  given  a 
relative  concentration  of  1.0. 
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Using  Ch«  most  nalv*  approach*  It  night  b*  expected  that  th*  ovarall 
(stoichiometric)  concentration  of  a slaple  aqueous  Ion  (X)a  be  given  by 

00.  - (X)0/(l-#)  (i) 

Taluea  of  0 obtained  fro*  this  equation  are  reproducible*  but  con- 
sistently low.  There  are  clearly  liquid  junction  and  solvent  (assym- 
•try)  effects  on  the  electrodes.  This  does  not  preclude  us*  of  th* 
electrodes  In  nonlonlc  systems  since  calibration  curves  can  be  em- 
ployed. It  is  always  necessary  to  check  th*  effect  of  both  total 
salt  concentration  and  nature  of  counterion  since  this  can  have  an 
effect  on  nlcroenulslon  stability.  However,  without  a method  for 
correcting  th*  electrode  response,  measurements  in  Ionic  systems 
cannot  be  made.  V*  have  att«pt*d  to  perform  such  a correction  by 
employing  a saturated  solution  of  a sparingly  soluble  salt  containing 
th*  Ion  of  Interest.  These  measurements  have  been  conducted  In 
nonlonlc  systems  where  we  effectively  know  th*  answer  as  a check  on 
the  method.  Th*.  principal  Involved  la  that  a saturated  solution 
of  the  same  salt  In  both  pur*  water  and  In  a nlcroenulslon  has  th* 
same  activity,  and  should  therefore  elicit  the  same  electrode  response. 
Any  difference  In  potential  may  thus  be  ascribed  to  junction  and 
solvent  effects.  On*  example  is  the  us*  of  a fluoride  specific  Ion 
electrode  la  a mineral  oil  la  water  nlcroenulslon  stabilised  by  Tween 
40  and  pentanol  to  which  known  amounts  of  HaF  were  added.  Th*  mV 
readings  were  transformed  Into  effective  fluoride  concentrations 
using  an  aqueous  calibration  curve.  Three  salts  of  differing  sol- 
ubility (0*^2*  Baf 2 and  PbFj)  were  employed  to  insure  that  th* 
salt  Itself  was  not  responsible  for  any  observed  effects.  Th* 
agreement  is  at  least  fair,  as  shown  la  Tabls  3.  Values  of  (1-0) 
calculated  with  and  wlhtout  the  correction  are  given  In  Table  4. 

The  corrected  values  represent  averages  of  the  three  saturated  salt 
solutions.  There  la  a dramatic  Improvement,  but  It  la  still  not 
of  sufficient  accuracy  to  permit  Its  use  as  an  Independent  cor- 
rection factor.  It  la  possible  of  course  that  similar  measuranants 
la  Ionic  systems  are  generally  less  sever*  than  on  nonlonlc  systems. 
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TABLE  3.  The  difference  in  potential*  at  25  C between  saturated 

solutions  of  various  salts  In  a nonionic  o/w  nlcroemulslon 
and  water  using  a fluoride  ion  specific  electrode,  (vide  text). 


* The  potential  difference  Is  given  as  water  minus  mlcroaaulsion,  In  mV. 


TABU  4.  Phase  voIubss  obtained  from  fluoride  ion  electrode  measure- 
ments in  a nonionic  mineral  oil  in  water  mlcroemulslon. 
(vide  teat). 


a 

comp. 

O.Otf!  NaPb 

corrected 

0.20 

0.00 

0.10 

0.30 

0.01 

0.31 

0.40 

0.02 

0.53 

0.50 

0.08 

0.70 

0.60 

0.19 

0.78 

0.70 

0.36 

0.89 

0.80 

0.57 

1.16 

a.  Value  of  1-0  calculated  from  composition;  1-0  - wg/  where  w is 
the  weight  fraction  water  and  g is  the  specific  gravity  of  the 
nlcroenuls'lon . 

b.  Calculated  from  eqn  (i). 

c.  Corrected  using  saturated  salt  solution. 
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Finally , we  have  racantly  initiated  pK&  measurements  of  adaorbad 
indicator  (chlorophanol  rad)  in  o/w  aicroaaulslons  of  all  charga 
typ«»»  as  an  adjunct  to  thasa  determinations,  as  will  as  for  chaaical 
raaction  studias.  Glass  alactroda  pH  aaasuraaants  have  bean  aada 
in  the  buffered  dispersions.  Attsapts  have  bean  aada  to  control 
the  adsorption  of  the  buffer  by  employing  only  (+/-H-)  and  (-/— ) 
charga  types,  since  neutral  buffer  aoleculea  such  as  acatlc  acid 
are  solubilised  by  the  alcrodroplat  (2) . Typical  results  are  shown 
in  Figure  6,  and  are  reasonably  independent  of  buffer  concentration 
in  the  . 01- . OAftrange . Microemulsions  stabilised  by  nonionic  sur- 
factants are  more  susceptible  to  salt  effects  than  those  stabilized 
by  Ionic  surfactants.  There  are  not  only  solvent  effects  on  the 
glass  electrode,  but  effects  caussd  by  the  specific  buffer  as  well. 

For  example,  buffers  with  the  sane  pH  in  water  but  of  opposite  charge 
type  give  different  readings  la  the  same  alcroemulslon.  Nonetheless, 
although  the  aqueous  and  nlcrosnulslon  pH  valuea  thanaelves  do  not 
seem  to  be  directly  related  to  the  actual  pH.  the  av erase  of  the  two 
yield  self -conals tent  pKft  values.  These  will  be  discussed  In  the 
next  section.  Thus,  It  appears  that  the  physically  most  meaningful 
quantity  to  employ  In  these  madia  la  the  geometric  mean  of  the  aqueous 
and  mlcroemulsion  hydrogen  Ion  activities  as  dstermlned  by  a glass 
electrode. 

C.  Interactions  and  Raactlona:  The  two  principal  study  areas 
consist  of  acid-base  equilibria  and  raactlona  with  nucleophiles. 

The  compound  l-methyl-4-cyanoformylpyrldlnlum  oxime t a (CPO)  has 
been  used  to  determine  ion  binding  and  buffer  adsorption  In  the  mlcro- 
smulslon  systems  (2).  CPO  Is  more  soluble  In  water  than  in  polar 
or  nonpolar  organic  solvents,  and  la  not  taken  up  by  aqueous  ionic 
or  nonionic  micelles.  The  substance  also  possesses  intramolecular 
charge-transfer  bands  which  are  very  solvent  sensitive  and  disappear 
upon  protonation  or  complexatlon.  If  wavelength  shifts  of  only  a 
*r*  observed,  the  indicator  is  essentially  located  in  the 
aqueous  contlnuos  phase.  However,  substantial  wavelength  shifts 
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indicat*  uptake  by  th*  droplet.  In  nonionic  system*,  the  distribution 
ratio  between  the  continuous  and  diapers*  phases  can  be  estimated 
from  the  effective  pKa.  Thus,  CFO  is  of  limlced  utility  in  micro- 
esulslone , but  can  also  be  used  to  indicate  possible  phase  boundaries. 
As  a probe  of  th*  droplet  microenvironment  and  pH,  it  can  probably 
be  utilised  in  th*  form  of  a 1-alkyl  long  chain  derivative. 

A number  of  pKa  studies  involving  chlorophenol  red  have  been 
carried  out,  as  mentioned  above.  These  have  been  quite  useful  in 
probing  the  dielectric  constant  and  effective  surface  pH.  The  results 
of  these  studies  (6)  indicate  that  the  interphase  region  of  the 
mlcrodroplet  in  which  the  dye  is  located  has  an  effective  dielectric 
constant  of  about  20,  and  that  the  intrinsic  pKa  of  a dye  ia  the  same 
in  all  mlcroenulslons  of  this  type  provided  both  indicator  species 
*?e  in  the  same  average  environment.  The  effective  aqueous  concentra- 
tion of  hydrogen  ion  ia  related  to  th*  geometric  mean  of  aqueous 
buffer  and  micro ■ulslon  concentrations,  as 'evidenced  by  the  data 
in  Table  5. 

In  order  to  examine  th*  factors  which  control  the  rate  of  nucleo- 
philic attack  in  th*  microdroplet  o/w  interface,  we  have  investigated 
th*  reaction  of  oil  soluble  p-nitrophenyl-dlphenylphosphate  with  aqueous 
fluoride  and  hydroxide.  The  reaction  has  previously  been  studied  in 
both  solution  and  aqueous  cationic  cetyltrlmethyl  ammonium  bromide 
(CTAB)  micelles.  The  rat*  in  these  cases  is  first  order  in  both 
ester  and  nucleophile,  and  proceeds  according  ot  equation  (11), 
where  X-  • F~  or  0H~. 


( <JL>-  0)2  P-(0)-0-  <o>no2  + X" 

(<T>  o>2  p (o)-x  + ~o-<3C>-no2 

yellow 


(ii) 


In  basic  (pH  > 9)  solution,  th*  p-nitrophenol  is  fully  ionised  with 
an  absorption  maximum  at  400nm.  For  X ■ 0H~,  the  product  dlphenyl- 
phosph&rlc  acid  is  a strong  acid  and  is  fully  ionised  even  at  lower  pH. 
In  aqueous  CTAB  micelles,  a marlmun  increase  in  th*  second  order  rate 
constant  of  about  a factor  a 30  over  that  in  aqueous  dioxan*  is  ob- 
served. 
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Table  5.  p<a  values  for  Chlorophenol  Red  In  Various  Microemulsion  Systems. 


A. 


B. 


a. 

b. 

c. 

d. 

e. 


System 

Buffer* 

< 

P*d 

305  water,  0.04  M buffer,  19*C. 

CTAB 

pip 

6.29 

6.57 

6.4 

CTAB/B200* 

pip 

75/25 

6.50 

6.61 

6.6 

50/50 

6.62 

6.73 

6.7 

25/75 

6.74 

6.98 

6.9 

B200 

phos 

7.23 

7.88 

7.6 

en 

7.75 

7.45 

7.6 

J300 

phos 

7.11 

8.01 

7.6 

en 

8.10 

7.83 

8.0 

405  water,  0.10  M buffer,  25'C. 

CTAB 

pip 

6.34 

6.63 

6.5 

phos 

6.15 

6.54 

6.4 

SC S 

en 

6.27 

7.58 

6.9 

phos 

6.60 

7.15 

6.9 

Brlj  96 

en 

7.40 

7.25 

7.3 

6.90 

7.45 

7.2 

Plperlzlne  (pip),  ethyl enenedlamlne  (en)  and  phosphate  (phos). 
Calculated  using  pH  of  aqueous  buffer  (±.05). 


Calculated  using  pH  of  mlcroemulsion  (±.05). 
pR  - (pK  ♦ pKj/2  (±0.1). 

Mixture  of  CTAB  and  B200  microemulsion,  each  containing  same  weight  percent 


To  serve  as  a basis  for  comparison,  we  developed  a hexadecane  in 
water  microemulsion  stabilized  by  CTAB  and  butanol  (Table  1) . The 
reaction  in  the  microemulsion  was  also  found  to  be  first  order  (to 
At  least  75Z  completion)  in  both  ester  and  nucleophile.  Starting 
with  10Z  oil,  the  second  order  rate  constants  were  measured  as  a 
function  of  water  content  (4) . Some  results  are  given  in  Table  6. 

The  values  differ  by  at  most  a factor  of  two,  neglecting  the  0 - 0.79 
value.  This  composition  is  likely  outside  of  the  o/w  microemulsion 
range.  However,  even  this  relatively  small  variation  can  be  reduced 
substantially  by  correcting  the  values  of  k^  for  the  effective  con- 
centrations of  reagents.  Since  the  hydroxide  is  in  the  aqueous  phase, 
its  effective  concentration  is  given  by  (OH-)/ (1-0).  Since  the  phos- 
phate is  located  in  the  droplet,  its  effective  concentration  is  pro- 
portional to  (e8ter)/0.  Thus,  the  volume  corrected  rate  constant 
kj  v ■ kj  0(1-0).  The  values  of  k2<v  are  almost  invariant  within  ex- 
perimental error  (+  5Z).  If  the  ester  is  concentrated  in  a thin  surface 
layer  of  the  drop  and  if  the  radids  does  not  change  upon  dilution,  then 
the  same  correction  factor  holds.  If  the  radius  does  change  (decrease) 
so  as  to  keep  the  drop  concentration  invariant,  then  the  factor  be- 
comes  0 (1-0)..  Values  of  kj  so  corrected  are  designated  as  k2  A 

in  Table  6.  These  values  are,  on  balance,  somewhat  less  constant 

than  the  k,  „ values. 

2»v 

If  the  intrinsic  rate  constants  in  both  aqueous  detergent  and 
microemulsion  are  the  same,  the  observed  values  differing .only  because 
of  effective  concentration,  then  the  ratio  of  the  observed  second 
order  rate  constants  should  be  given  by  the  volume  corrected  values 
as 


R 


- h- 


- ^M.E. 
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0mlcelle~ 


M.E. 


(iii) 


Using  the  maximum  values  of  k2  observed  in  aqueous  CTAB  (42),  the 
experimental  and  calculated  (equation  ill)  values  of  R are  about  30 
and  250,  respectively.  This  indicates  that  the  intrinsic  rate  con- 
stant in  the  microdroplet  is  an  order  of  magnitude  greater  than  that 
in  the  micelle.  It  therefore  appears  that  the  reaction  in  the  mlcro- 
emulslon  is  taking  place  in  an  average  location  of  lower  polarity 
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TABLE  6.  Kate  constants  for  reaction  of  p-nitrophenyl  diphenylphosphate 
with  hydroxide  and  fluoride  In  a CTAB/butanol/hexadecane  o/w 
microemulsion  at  25°C  (vide  text) 


Hydroxide 

Fluoride 

o* 

kb 

*2 

k2,v 

k? 

2,A 

A 

^.v 

*2,  A 

0.79 

2.3 

1.9 

1.3 

— 

4.1 

2.8 

2.4 

0.70 

1.5 

1.2 

1.1 

1.7 

1.5 

1.3 

0.58 

1.1 

1.1 

1.1 

1.2 

1.2 

1.1 

0.47 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.36 

1.0 

1.9 

1.1 

1.1 

1.0 

1.1 

1.25 

1.2 

0.9 

1.1 

1.4 

1.0 

1.3 

0.16 

1.8 

0.9 

1.4 

2.0 

1.1 

1.6 

a)  phase  volume:  Initial  composition  10%  hexadecane,  90X  emulsifier 
(50Z  CTABf  50Z  butanol  v/v) . 


b)  second  ojdej  rate  constant  relative  to  the  value  at  + ■ 0.5(0.13  and 
0.045  M s for  OH  and  F , respectively). 

c)  each  rate  constant  multiplied  by  a factor  of  »(!-»);  vide  text. 

d)  each  mate  constant  multiplied  by  a factor  of  *2^3(l-f);  vide  text. 
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than  in  tha  micelle,  and  thia  affect  oust  ba  more  than  compensating 
for  a lower  aurface  charge  danalty  on  tha  microdroplet.  Tha  activa- 
tion anthalpiaa  arc  conaiatant  with  this  view,  tha  values  for  fluor- 
ide in  aqueous  CTAB  and  mlcroemulsion  <0  - 0.3)  being  about  14  and 
10  kcal  mol  respectively.  In  both  cases,  the  reaction  products 
are  tha  expected  diphenylfluorophosphonate  and  p-nltrophenoxlde  ion 
(equation  11). 

The  activation  enthalpy  for  hydroxide  is  also  lower  in  the  mlcro- 
amulalon,  but  by  a greater  amount  (14  and  8 kcal  mol  * for  alcella 
and  microemulsion,  respectively).  It  was  found  that  the  reaction  pro- 
duced (100Z)  diphanylbutylphosphate,  rather  than  diphenylphosphate. 

Thus,  the  hydroxide  produces  butoxlde  Ion  in  the  interphase  which  is 
a more  effective  nucleophile.  This  is  also  consistent  with  studies 
involving  replacement  of  CTAB  with  a nonionic  polyoxyethylene  surfac- 
tant (B200,  Olln-Matheson) , the  results  of  which  are  shown  in  Figure 
7.  With  fluoride,  the  rate  decreases  at  high  nonionic  content  as 
expected  on  the  basis  of  decreased  positive  surface  charge.  The  hy- 
droxide decreases  slightly  at  first,  but  then  rises  and  Is  even  higher 
In  100Z  nonionic  than  at  0Z.  We  Interpret  this  as  an  indication  that 
the  base  is  removing  the  proton  from  the  terminal  OH  group  of  the 
surfactant,  which  Is  acting  as  the  nucleophile.  Thus,  it  should  be 
possible  to  increase  reactivity  by  the  use  of  an  appropriate  functional- 
ised surfactant  or  other  suitable  additive.  The  fact  that  the  value 
of  k2  for  fluoride  does  not  decrease  until  a high  nonionic  content 
has  been  reached  may  Indicate  a concomitant  change  in  droplet  else. 

Finally,  in  connection  with  the  use  of  functionalized  surfactant 
we  have  performed  an  initial  investigation  in  the  CTAB /butanol/ hexa- 
d scene  mlcroemulslon  system  containing  l-n-hexadecyl-3-pyrldinium- 
aldoxine  iodide  (HPAI) . The  HP Al/ CTAB  ratio  was  3/400.  In  pH  10 
buffer,  the  second  order  rate  constant  was  almost  two  orders  of 
magnitude  greater  than  in  the  CTAB  mlcroemulslon  with  no  added  HPAI. 


III.  SUMMARY: 


In  Chi*  section  *r«  summarized  some  of  the  results  and  conclusions 
of  the  study.  These  are  only  meant  to  be  used  for  quick  reference 
and  do  not  necessarily  represent  all  of  the  work  performed.  For  more 
complete  details,  the  body  of  the  report  and  the  papers  in  the  bib- 
liography should  be  consulted. 

1.  A large  number  of  oil  in  water  microsmulsions  containing  sur- 
factant/alcohol emulsifier  mixtures  have  been  produced. 

2.  Two  anionic,  three  cationic  and  nine  nonionic  microsmulsions 
with  mineral  oil  or  hexadecane  are  reported,  as  well  as  one 
cationic  and  one  nonionic  system  employing  tributylphosphate 
as  the  oil. 

3.  Phase  maps  are  available  for  seven  microemulsion  systems,  one 
anionic,  two  cationic,  and  four  nonlonlc. 

4.  Of  the  oils  examined,  tributylphosphate  exhibits  the  largest  single  phase 
region.  (CTAB/butanol  system). 

5.  Quantitative  seml-emplrlcal  relations  for  the  transport  properties 
of  ions  in  nonlonlc  microsmulsions  have  been  developed.  The 
equivalent  conductance  (r)  and  diffusion  coefficient  (D)  are 
related  to  the  phase  volumes  (0)  by  r-ro(l-l.20)n  and  D-Do(l-0)n+1 

6.  The  valve  of  n (above)  is  l.S  at  low  oil  content,  and  increases 
linearly  with  droplet  diameters. 

7.  The  droplet  diameters  in  the  nonlonlc  systems  employed  here  have 
been  determined  by  light  scattering  to  be  In  the  range  80-18QA. 

The  diameters  vary  exponentially  with  oil  content. 

8.  Glass  elsctrods  pH  measurements  of  aqueous  buffer  and  microemulsion 
may  be  used  to  attain  pH,  the  average  of  the  two  values.  It 
appears  that  pH  is  related  to  the  actual  hydrogen  ion  activity. 
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9.  When  both  forms  of  an  Indicator  adsorbed  by  the  droplet  have  the 
same  average  location,  the  intrinsic  pKft  is  the  same  in  all  sys- 
tems of  the  type  examined. 

10.  The  effect  of  ionic  strength  on  pK&  is  negligible  in  ionic  micro- 
emulsions  and  very  strong  in  nonionic  systems,  corresponding 

to  an  effective  dielectric  constant  of  about  20. 

11.  Phosphate  ester-nucleophile  reactions  are  accelerated  in  cationic 
CTAB  micro emulsions . The  intrinsic  (phase  volume  corrected) 
second  order  rate  constantsfor  hydroxide  or  fluoride  is  greater 
in  microemulsion  than  in  aqueous  CTAB  micelles. 

12.  In  phosphate  ester-hydroxide  reactions,  the  attacking  species  is 
alkoxide.  In  nonionic  surfactant  systems  with  a terminal  hydroxyl 
group,  this  leads  to  rates  greater  than  in  cationic  CTAB. 

13.  The  intrinsic  rate  constants  for  the  phosphate  ester-nucleophile 
reaction  are  independent  of  phase  volume. 

14.  Use  of  added  functionalised  surfactant  leads  to  an  additional 
rata  enhancement  of  almost  tvo  orders  of  magnitude  in  CTAB 
microemulslon. 
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